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Abstract 

T h e  b a c k g r o u n d  a t m o s p h e r i c  m i x i n g  r a t i o s  f o r  a  r a n g e  o f  c y c l i c  p e r f l u o r o c a r b o n s  ( c y c l i c - P F C s ) ,  w i d e l y  u s e d  i n  

a t m o s p h e r i c  d i s p e r s i o n  s t u d i e s ,  h a v e  b e e n  m e a s u r e d  b y  g a s  c h r o m a t o g r a p h y - m a s s  s p e c t r o m e t r y  i n  n e g a t i v e  i o n -  
c h e m i c a l  i o n i z a t i o n  m o d e .  B a c k g r o u n d  c o n c e n t r a t i o n s  r a n g e  f r o m  <  1 fl I ’ t o  >  I O  f l  I I. w h e r e  f e m t o l i t r e  i s  e x p r e s s e d  

a s  p a r t s  i n  1 0 l i  ( p p q v ) .  B e c a u s e  o f  t h e i r  v e r y  l o n g  a t m o s p h e r i c  l i f e t i m e s  ( >  3 0 0 0 y r )  t h e  p r e s e n t  d a y  c o n c e n t r a t i o n s  
r e p r e s e n t  t h e  a c c u m u l a t e d  e m i s s i o n s  f r o m  a l l  s o u r c e s ,  a l t h o u g h  s i g n i f i c a n t  c o m m e r c i a l  p r o d u c t i o n  d i d  n o t  c o m m e n c e  
u n t i l  t h e  1 9 6 0 s .  C y c l i c - P F C s  a r e  p o t e n t  g r e e n h o u s e  g a s e s :  h o w e v e r ,  t h e i r  a t m o s p h e r i c  c o n c e n t r a t i o n s  a r e  c u r r e n t l y  s o  
l o w  a s  t o  m a k e  a n  i n s i g n i f i c a n t  c o n t r i b u t i o n  t o  g l o b a l  w a r m i n g ,  ( ~ ’  2 0 0 2  E l s e v i e r  S c i e n c e  L t d .  A l l  r i g h t s  r e s e r v e d .  

Kq~~u~ords: Cyclic pertluorocarhonx Pcrflu~)ro~~~ethylcyclohex~~~cs: Tracers; Background atmospheric conccntrat~ons: NISI-MS 

I. Introduction 

L i k e  m a n y  o t h e r -  I n d u s t r i a l  c h e m i c a l s  p e r f l u o r o c a r -  
b a n s  n o w  p e r v a d e  t h e  g l o b a l  e n v i r o n m e n t .  H o w e v e r ,  
u n l i k e  m a n y  o t h e r  m a n - m a d e  c h e m i c a l s  t h e y  w o u l d  

a p p e a r  t o  b e  r e l a t i v e l y  b e n i g n .  P e r f l u o r o c a r b o n s  e x h i b i t  
e x c e p t i o n a l  c h e m i c a l  s t a b i l i t y  a n d  a s  s u c h  c o n t r i b u t e  
n e i t h e r  t o  p h o t o c h e m i c a l l y  i n d u c e d  a i r  p o l l u t i o n  n o r  t o  

s t r a t o s p h e r i c  o z o n e  d e p l e t i o n .  T h e y  a r e  n o n - f l a m m a b l e .  

i n s o l u b l e  i n  w a t e r .  a n d  e s s e n t i a l l y  n o n - t o x i c  t o  t h e  
e x t e n t  t h a t  t h e y  h a v e  b e e n  s u g g e s t e d  a s  b l o o d  p l a s m a  
s u b s t i t u t e 5  ( D a g a n i .  l 9 X 2 ) .  I t  i s  t h e s e  d e s i r a b l e  p r o p e r -  

t i e s .  c o u p l e d  w i t h  t h e i r  v e r y  l o w  b a c k g r o u n d  a t m o -  
s p h e r i c  c o n c e n t r a t i o n s ,  t h a t  h a s  l e d  t o  t h e  s e l e c t i o n  o f  

t h e  f u l l y  p e r f l u o r i n a t e d  a l k y l - s u b s t i t u t e d  c y c l o a l k a n e s  a s  
a l m o s t  i d e a l  t r a c e r s  f o r  a t m o s p h e r i c  d i s p e r s i o n  s t u d i e s  

( L o v c l o c k  a n d  F e r b e r ,  l 9 X 2 ;  D i e t z ,  1 9 8 7 ;  D 0 t a v i o  
e t  a l . ,  l Y X 6 ;  L a g o m a r s i n o .  i Y Y 6 ) .  C y c l i c  p e r f l u o r o c a r b o n  

t r a c e r s  ( c y c l i c - P F C s )  h a v e  b e e n  u s e d  s u c c e s s f u l l y  i n  b o t h  

u r b a n  ( D m x l e r ,  1 9 8 9 ;  D r a x l e r  a n d  H e f f t e r ,  l 9 X 9 :  B r i t t c r  
e t  a l . .  2 0 0 0 ;  C o o k e  e t  a l . ,  2 0 0 0 ,  2 O O l a ) .  a n d  r e g i o n a l  
s c a l e  s t u d i e s  ( F e r b e r  e t  a l . ,  i 9 X 6 ;  D r a x i e r ,  1 9 x 7 ;  D r a x l e r  

c t  a l . ,  I Y Y I ;  N o d o p  e t  a l , ,  I Y Y X ;  G r e e n ,  1 9 Y 9 ) .  T h e y  h a v e  
a l s o  b e e n  u s e d  t o  l o c a t e  l e a k s  i n  u n d e r g r o u n d  p i p e s  

( G h a f u r i a n  e t  a l . ,  l Y Y 9 ;  H a s s o u n  e t  a l . ,  2 0 0 0 ) .  T h e  
p r i n c i p a l  t r a c e r s  a n d  t h e i r  p r o p e r t i e s  a r e  l i s t e d  i n  
T a b l e  1 .  C y c l i c - P F C s  a r e  r a p i d l y  b e c o m i n g  t h e  t r a c e r s  

o f  c h o i c e  d u e  t o  t h e i r  e x t r e m e l y  l o w  a n d  s t a b l e  a t m o -  

s p h e r i c  b a c k g r o u n d  c o n c e n t r a t i o n s  a n d  r e l a t i v e l y  f e w  
g l o b a l  s o u r c e s  ( F e r b e r  e t  a l . ,  I Y X I ) .  I n  e f f e c t ,  t h e y  a r e  
r e p l a c i n g  a n  e a r l y  p o p u l a r  t r a c e r  s u l p h u r  h e x a f l u o r i d e  
( S F h )  ( T u r k  e t  a l , ,  l 9 6 X ;  D i e t z  a n d  C o t e ,  1 9 7 3 ;  T h o m s e n  

a n d  L o v e l o c k ,  1 9 7 6 ) .  S F 6  h a s  b e c o m e  p r o g r e s s i v e l y  l e s s  
u s e f u l  d u e  t o  i t s  r a p i d l y  i n c r e a s i n g  b a c k g r o u n d  c o n -  

c e n t r a t i o n  c u r r e n t l y  a p p r o a c h i n g  a b o u t  5  p p t v  ( M a i s s  

W o r k  b y  B N L  r e s e a r c h e r s  w a s  p e r f o r m e d  u n d e r  t h e  a u s p i c e s  o f  t h e  U . S .  D e p a r t m e n t  o f  E n e r g y ,  

u n d e r  C o n t r a c t  N o .  D E - A C O 2 - 9 8 C H l O 8 8 6 .  



Compound name Abbreviated name Molecular formula B. Pt. ( C) M. Wt. Density (kg’1 at 25 C) 

Perfluorodimethylcyclobutane“.h PDCB 

Perflu~~r~~~~ethyicyclopent~~~~e PMCP 

Pertluoromethylcyclohexane PMCH 

l’er~uoro-u-dimethylcyclohcx~ne~’ O-PDCH 

Perfluoro-wdimethylcyclohexane” wPDCH 

Perfluoro-@methylcyclohexane~’ p-PDCH 

PerfIuoroisopropykyclohexanc ;-PI’CH 

Pcr~u~~r~~tri~nethylcycl~~hex~~~~eL PTCH 

Sulphur hexatluorldc 

300 

300 

3so 

400 

400 

400 

4so 

450 

I46 

I .61 

I.707 

I.788 

I.828 

I .82n 

l.X28 

1.Y 

I .xX8 

Gas 6.602 g I 

” Both c,Ls wd /rw~s isomers are applicable. 

’ I ,2 and I .3 bisubstitution applicable. 

’ Multiple geometric ihomers applicable. 

a n d  L c v i n .  l Y Y 4 ;  G e l l e r  e t  a l . ,  l 9 Y 7 ;  M & s  a n d  

B r e n n i n k m e i j e r .  I Y Y X ) .  S F b ,  a l o n g  w i t h  t h e  v e r y  v o l a t i l e  
p e r t l u o r o c a r b o n s ,  c a r b o n  t e t r a f l u o r i d e  ( C F Q ) ,  a n d  h e x a -  
f l u o r o c t h a n e  ( C ? F ( , ) ,  w i l l  b c  c o n t r o l l e d  s u b s t a n c e s  u n d e r  

t h e  t e r m s  o f  t h e  K y o t o  p r o t o c o l  ( U n i t e d  N a t i o n s ,  1 9 9 7 ) .  
R e c e n t l y .  c o n c e r n  h a s  a r i s e n  o v e r  t h e  p r e s e n c e  o f  

p e r l l u o r o c a r b o n s  i n  t h e  e n v i r o n m e n t  b e c a u s e  t h e y  a r e  
p o w e r f u l  g r e e n h o u s e  g a s e s  w i t h  e x t r e m e l y  h i g h  g l o b a l  
h # a r m i n g  p o t e n t i a l s  ( G W P s ) ,  L i k e  o t h e r  p e r f l u o r o c a r -  
b a n s  t h e  G W P s  o f  t h e  c y c l i c - P F C s  e x c e e d  t h a t  o f  c a r b o n  

d i o x i d e  ( C O ? )  b y  : I  f a c t o r  o f  1 0 7 ~ 1 0 ’ .  C o n v e r s e l y ,  t h e i r  

a t m o s p h e r i c  m i x i n g  r a t i o s  a r e  a p p r o x i m a t e l y  I O ? -  
I O  - “ ’  ( p e r f l u o r o c a r b o n  t r a c e l . ; C O Z ) ,  C o n s e q u e n t l y ,  a t  
p r e s e n t .  t h e  e f f e c t i v e  c o n t r i b u t i o n  o f  t h e  c y c l i c - P F C s  t o  
g l o b a l  w a r m i n g  I S  n e g l i g i b l e .  H o w e v e r ,  p e r f l u o r o c a r -  

b a n s ,  i n  g e n e r a l .  h a v e  b e e n  c a l l e d  t h e  “ i m m o r t a l  

m o l e c u l e s ”  d u e  t o  t h e i r  l o n g - t e r m  p e r s i s t e n c e  i n  t h e  
a t m o s p h e r e  w i t h  l i f e t i m e s  r a n g i n g  f r o m  3 0 0 0  t o  S O , 0 0 0  
k e a r s  ( W M O .  I Y X X ) .  T h i s  i m p l i e s  t h a t  t h e  c u r r e n t  
a t m o s p h e r i c  b u r d e n  o f  p c r f l u o r o c a r b o n s  r e p r e s e n t s  t h e  

t o t a l  o f  a l l  c m i ~ u l a t i v e  c m i s s i o m  f r o m  b o t h  f u g t ~ v c  a n d  

d e h b c r a t c  r e l e a s e s .  I t  i s  t h e i - e l . o i - e  o f  s o m e  i n t c l - e s 1  t o  
d e t e r m i n e  t h e i r  c u l - r e n t  a t m o b p h e l - l c  b a c k g l - o u n d  c o t i -  
c e n t r a t i o n s  a n d  r a t e s  o f  a c c u m u l a t i o n .  F u l - t h e i - m o l - e .  i n  

a d d i t i o n  t o  t h e i ] -  s p e c i a h z e d  u s e  a s  t r a c e r s  o f  a t m o -  
s p h e r i c  d i s p e r s i o n .  t h e y  h a v e  a  s u r p r i s i n g l y  d i v e r s e  

n u m b e r  o f  o t h e r  u s e s  I - a n g i n g  f r o m  o i t  a n d  ps weH 

t r a c i n g  ( L j & a n d  e t  al.. l Y 9 3 ) .  a s  d i e l e c t r i c s  i n  m i h t a r y  
r a d a r .  a n d  a p p h c a t i o n s  i n  t h e  c o s m e t i c s  i n d u s t r y .  

F u g i t i v e  e m i s s i o n s  w i l l  c t e a r t y  b e  m o r e  d i f f i c u l t  t o  
q u a n t i f y  a s  t h e  n u m b e r  o f  i n d u s t r i a l  visages e x p a n d .  

H e r e  w e  d e t e r m i n e  t h e  b a c k g r o u n d  c o n c e n t r a t i o n s  f o r  
t h e  p r i n c i p a l  p e r f l u o r o c a r b o n s  w h i c h  h a v e  b e e n  d c -  
p l o y e d  a s  a t m o s p h e r i c  t r a c e r s  u s i n g  t h e  p r o m i s i n g  n e w  

t e c h n i q u e  o f  n e g a t i v e  i o n - c h e m i c a l  i o n i z a t i o n  m a s s  
s p e c t r o m e t r y  ( N I C I - M S ) ,  W e  c o m p a r e  t h e s e  o b b e r v a -  

t i o n s  w i t h  t h e  h i s t o r i c a l  r e c o r d  o f  p r e \ J i o u s  m e a s u r c -  
m e n t s  a n d  e s t i m a t e  t h e  c u r r e n t  g l o b a l  a t m o s p h e r i c  
b u r d e n  f o r  e a c h  p c r l l u o r o c a r b o n  t r a c e r .  

2 .  E x p e r i m e n t a l  

T h e  s u c c e s s  o f  t h e s e  p e r f l u o r i n a t e d  c o m p o u n d s  a s  
t r a c e r s  i s  d u e  t o  t h e i r  r e l a t i v e l y  f a c i l e  m e a s u r e m e n t  b y  

g a s  c h r o m a t o g r a p h y  w i t h  e l e c t r o n  c a p t u r e  d e t e c t i o n  
( E C D )  ( S i m m o n d s  e t  a l . ,  1 9 7 6 :  D C  B o r t o l i  a n d  P e c c h i o .  

l Y X 5 ;  D ’ O t t a v i o  e t  a l . ,  t 9 x 6 ;  L a g o m a r s i n o  a n d  L a m e r .  
I Y Y Z  L a g o m a r s i n o ,  1 9 9 6 ) .  D e t e c t i o n  o f  c y c l i c - P F C s  a t  
t h e  s u b - p p t v  l e v e l  i s  e a s i l y  a c h i e v e d  b e c a u s e  o f  t h e i r  
t a r g e  r a t e  c o n s t a n t s  f o r  t h e r m a t  e l e c t r o n  a t t a c h m e n t ,  

w h i c h  a r e  c t o s e  t o  t h e  d i f f u s i o i i - c o n t r o l l e d  l i m i t  o f  

I  x  I O  ~ ‘ c m ’ m o l e c u l e  ‘s-’ ( C h r i s t o p h o r o u  e t  al.. 

t Y X 4 ) .  D e t e c t i o n  l i m i t s  c a n  b e  f u r t h e r  i m p r o v e d  t o  
a t t a i n  t h e  a t m o s p h e r i c  b a c k g r o u n d  l e v e l s  i n  t h e  l o w  
f e m t o l i t r e  p e r  l i t r e  ( f l  I -  ‘ )  r a n g e  b y  s a m p l e  e n r i c h m e n t  

t e c h n i q u e s  ( D ’ O t t a v i o  e t  a t . ,  l 9 X 6 ;  L a g o m a r s i n o .  1 9 9 6 ) .  

H o w e v e r .  t h e  G C - E C D  m e t h o d  i n t r o d u c e s  t h e  p o t e n t i a l  
p r o b l e m  o f  i n t e r f e r e n c e s  f r o m  o t h e r  u b i q u i t o u s  a n d  
m o r e  a b u n d a n t  a t m o s p h e r i c  h a l o c a r b o n s  t h a t  a l s o  h a v e  
s u b s t a n t i a l  e l e c t r o n  a t t a c h m e n t  r a t e  c o n s t a n t s .  T o  
o v e r c o m e  [ h i s  p r o h t c m  c a t a l y t i c  s c r u h b c r <  h a v e  b e e n  

u b e d  t o  y c t c c t i v c l y  r e m o v e  t h e  m a j o r  a t m o s p h e r i c  

h a k ~ c a r h o n ~ ,  i n  c o n j u n c t i o n  w i t h  h i g h - r c s o t u t i o n  c a p i l -  
l a r y  c o l u m n s  t o  s e p a r a t e  t h e  t r a c e r s  f r o m  p o t e n t i a t t y  

c o - c l u t i n g  i n t e r f e r e n c e s  ( L a g o m a r s i n o .  l Y 9 6 ) .  
A n  a l t e r n a t i v e  a p p r o a c h  f o r  d e t e r m i n i n g  t h e  p r e s e n c e  

o f  p e r f l u o r o c a r b o n  t r a c e r s  w i t h  b o t h  h i g h  s e n s i t i v i t y  and 

h i g h  s c t e c t i v i t y  i s  t o  u s e  N I C I - M S  ( H u a n g  e t  a l . .  l 9 Y O ) .  
I n  a  p i o n e e r i n g  p a p e r  B e g i e y  e t  a t .  (  t  9 X X )  d e m o n s t r a t e d  
t h a t  t h i s  t e c h n i q u e  c o u l d  p r o v i d e  a  u n i q u e l y  s e l e c t i v e  

a n a l y t i c a l  m e t h o d  f o r  t h e  p e r f l u o r o c a r b o n  d u e  t o  t h e  

f o r m a t i o n  o f  s t a b l e  m o & u l a r  a n i o n s .  T h e  r e t a t i v e t y  
h i g h  m o l e c u l a r  w e i g h t s  o f  t h e  c y c l i c - P F C s  ( s e e  T a b l e  I )  
c o u p l e d  w i t h  t h e i r  r e l a t i v e l y  t o n ,  b o i h n g  p o i n t s  p r o v i d e s  

: I  u n i q u e  c o m b i n a t i o n  o f  e a r l y  c h r o m a t o g r a p h i c  e l u t i o n  
w i t h  a  h i g h  m a s s  i o n  w h i c h  i s  v e r y  u n l i k e l y  t o  b e  
c o m p r o m i s e d  b y  t h e  p r e s e n c e  o f  c o - c i u t i n g  i n t e r f e r e n c e s .  

A  f u l l  d e s c r i p t i o n  o f  t h e  a n a l y t i c a l  m e t h o d o l o g y  u s e d  
i n  t h i s  w o r k  h a s  b e e n  r e p o r t e d  e l s e w h e r e  ( C o o k e  e t  a l . .  



2OOlb). and so only a brief description is given here. was clean prior to sampling, it was subjected to four 

However% one important change has been the use of a thermal clean-up cycles at 255 ‘C. under a constant flow 

sraphitized carbon-based PLOT capillary column, of helium. The trap is quantitatively desorbed at 255 C 
which has the special property of resolving all six in approximately 4 s onto the apillary CC column. The 

possible isomers of perfluorodimethylcyclohexane small volume of the micro-trap and the rapid thermal 

(PDCH), Previous high efficiency capillary columns dcsorption ensures that the enriched sample is trans- 

were only able to separate four of the six possible ferred to the capillary column with negligible band 
isomers (Lagomarsino, 1996; Cooke et al.. 200 I b). broadening. 

The analytical instrumentation consisted of a gas 
chromatograph (model 6x90, Hewlett-Packard Ltd., 

USA) with a mass selective detector (model 5973, 
Hewlett-Packard Ltd., USA), which can operate in 

either electron impact (El) or chemical ionization (Cl) 
mode, For experiments using cyclic-PFCs? the mass 
spectrometer was operated in NICI and in selected ion 

monitoring (SIM) mode. The process is a highly selective 

and sensitive technique for cyclic-PFCs due to the 
efficient formation of stable cyclic molecular anions. 
One unexpected benefit of using NICI was that the more 
abundant clll~~r~~~luor~~c~~rb~~iis (CFCs) and other halo- 

carbons present in the background atmosphere could 
not be detected. Although individual CFCs may each 

ha\e a high electron affinity. most undergo dissociative 
electron attachment under the NICI conditions used? 
rather than form stable molecular ~II~OIYS (Knighton 

et al.. 1996). The overall analysis procedure is much 
simpliticd by removing the need for high-temperature 

catalytic scrubbers and ‘or pre-clean-up procedures. 
Studies of the sensitl\ity of the GC’MS system in 

NICI-SIM mode ha\e been carried out by direct 
iii.iection of a dilute pet-fluorocarbon standard via a 

100~1 stainless-steel loop. It was found that lO.6fg [a. 
7.9 X IO “cm’ (v v)]. 9.5fg [a. 7.1 x lO~~“cni’ (v/v)]. 
and l8.2fg[l.2 < 10 “cm’ (v;v)], of perlluorodimethyl- 
cyclobutane (PDCB). perfliioroinet~iylcyclopei~l~i~i~ 

(PMCP) and PMCH. rcspcctivcly. could be detected 
with :I signa-to-noi?c ratio of 3:l when in SlM~mode 

with selected ions of /??/I 300 and 3SO. To detect 
background concentration7 of cyclic-PFCs at the fll ’ 
lckcl with high pi-e&ion. thei-efore. requires a wmple 

\olunic of \cvcral litra of air ( - 3 I). 

Two gravimetrically prepared primary standard gas 
mixtures with a stated accuracy of & I % were purchased 
from Linde Gases Ltd., UK. The first primary standard 

(PFCI) contained 20. I ppm PMCP, 19.9 ppm PDCB. 

20.0 ppm PMCH and high ppm levels of CC13F (CFC- 
1 I, 2296 ppm) and CCl?F? (CFC-I 2, 499X ppm). The 
second primary standard (PFC2) contained 20.3 ppm 

o-PDCH% 20.4 ppm pp7-PDCH. 20.2 ppm /I-PDCH and 

high ppm levels of CFC-I I, (2298 ppm) and CFC- 12. 
(5001 ppm). The matrix gas was nitrogen (grade 5.0, 
Air Products) in both cases, Because individual pcr- 
fluorocarbons are not 100% pure, the actual concentra 

tions in the primary standard were adjusted for isomer 
impurities present in each perfluorocarbon. 

An adsorptioii~ desorption bystem (ADS) was coil- 
strutted. based on the design described in Simmonds 
et al. ( 1995) and Bassford et al. (1998). to achieve 

analyte pre-concentration. and modified to accept 
various atmospheric S~II~I~ICS. Air samples were cryc>- 

genial11 adsorbed onto LI micro-trap. which was 
maintained at ;I tcmpcraturc of -50 C. and filled with 
IO mg Carboxen 56Y. 40&50 Mesh (Supelco. Bellafontc. 

USA). Under these conditions the cyclic-PFCs present 
in several iitrcs of air can be quantitatively focused onto 

the micro-trap without exceeding the theoI-etlcal break- 
through \olumcs (BTV), To cnsurc that the micro-trap 

Each primary standard was diluted volumetrically to 
low pptv (v’v) into :I 36-1 electropolished stainless-steel 
cylinder in a single step% using an ultraclean all stainless- 

steel dilution manifold based on a design developed by 
the Scripps Institution of Oceanography. This procedure 

for the preparation of standards has been used success- 
fully as part of the Advanced Global Atmospheric Gases 
Experiment (AGAGE) Programme (Bullister and Weiss, 

l9XX; Prinn et al.. 2000). High purity halocarbon-free 
zel-o air (5.5 grade, Air Products Ltd.. UK) w’as used as 

the diluent gas. This one-step dilution of the primary 
standal-d, which also contains CFC-12% and CFC-I I 
presumes a lineal- i.elationship between all species and 

assigns a concentration to each p~l-i~uol-oc~l-boil in the 

mixture relative to the two CFC’s fog- which Sc~.~pps 
maintains absolute cahbi-atmn standads. A &I-omato- 
gram showing the separation of the diluted standai-d 
PFCI on the CPSil 5 column is shown in Fig. I. It 
should bc noted that this column docs indicate some 
resolution of’ the four possible PDCB isomers. The 

PFCI secondary standard was also inter-compared with 
a perfluorocarbon standard provided by the Environ- 
mental Measurements Laboratory (DOE. NY). The two 

perllLlor(~c~~rbolis (PMCP and PMCH) that were com- 
mon to the two standards showed excellent agreement 

with :I ratio of PCMP = 1.064. and PMCH = 0.992. The 
Bristol standard was hi&r in the case of PMCP. but 
fractionally lower for PMCH. For dctcrmining perfluoro- 
carbon background concentrations the secondary stall- 

dard is analysed either side of the air sample to minimize 

any drift or change in performance of the analytical 
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Fig. 3. Rcsolut~m of diluted 30 ml of calibration standard PFC2 on Carbograph I PLOT c o l u m n .  Conditions 30 m x 0.32 mm i.d. 

Carbograph PLOT c o l u m n  u n d e r  I  . 5  m l  m i n  ’ h e l i u m  I l o w .  Temperature programmc 30 C for S min. 20 C min ’ to 50’ C. hold 5 mix 

IO C nYin ’  t o  2 1 0  C .  h o l d  I O m i n .  

H o w e v e r .  u s i n g  a  3 0  m  x  0 . 3 2  m m  g r a p h i t i z e d  c a r b o n  
( C a r b o g r a p h )  P L O T  c a p i l l a r y  c o l u m n  ( A l l t e c h  A s s o c i -  
a t e s ,  I L ,  U S A )  a l l  s i x  i s o m e r s  c a n  b e  b a s e l i n e  r e s o l v e d  a s  
s h o w n  i n  F i g .  3 .  T h e  t e m p e r a t u r e  p r o f i l e  u s e d  t o  

p r o d u c e  t h i s  c h r o m a t o g r a m  w a s  3 0  C  f o r  5 m i n ,  

r a m p i n g  a t  2 0  C m i n  ’ t o  5 0  C ,  h o l d i n g  f o r  S  m i n ,  

f o l l o w e d  b y  a  I O  C m i n  ’ r a m p  t o  2 2 O ’ C  a n d  h o l d  f o r  

I O m i n .  T h e  c a r r i e r  g a s  w a s  h e l i u m  a t  a  t l o w  r a t e  o f  
I . 5  m l  m i n  ‘ .  N e w  c o m m e r c i a l  v e r s i o n s  o f  t h e  C a r b o -  

g r a p h  P L O T  c o l u m n s  c a n  b e  p u r c h a s e d  f r o m  L a r a  s . r . 1 .  
( R o m e ,  I t a l y ) .  M e t h a n e  w a s  u s e d  ( g r a d e  4 . 5 .  A i r  

p r o d u c t s  L t d . ,  U K )  a s  t h e  r e a g e n t  g a s  f o r  t h e  M S ,  w i t h  
t h e  s o u r c e  t e m p e r a t u r e  m a i n t a i n e d  a t  I S 0  C  a n d  

p r e s s u r e  r e g u l a t e d  a t  2 .  I  x  I O  m 4 T o r r  w i t h  t h e  m e t h a n e  
r e a g e n t  g a s  ( c o r r e s p o n d i n g  t o  4 0  m l  m i n -  ’ C H d  f l o w ) .  

S a m p l e s  w e r e  c o l l e c t e d  i n  3 . 2 1  e l e c t r o p o l i s h c d  S S  

c a n i s t e r s ,  p r e s s u r i z e d  t o  a b o u t  3  b a r ,  a n d  a l s o  i n  T e d l a r  

b a g s  u s e d  i n  a t m o s p h e r i c  t r a c e r  d i s p e r s i o n  s t u d i e s  ( S K C  
I n c . ,  P A .  U S A ) .  T e s t s  h a v e  i n d i c a t e d  t h a t  t h e  c y c l i c -  

P F C s  a r c  s t a b l e  i n  t h e  b a g s  f o r  m o r e  t h a n  I O  m o n t h s ,  
a n d  a p p e a r  t o  b e  i n d e h n i t e l y  s t a b l e  i n  t h e  S S  c a n i s t e r s  

( > 5 y r ) .  P r e l i m i n a r y  b a c k g r o u n d  s a m p l e s  w e r e  c o l l e c t e d  
b e f o r e  a n d  a f t e r  v a r i o u s  t r a c e r  r e l e a s e  e x p e r i m e n t s  a s  

p a - t  o f  t h e  U R G E N T  p r o g r a m m e  ( C o o k e  e t  a l . ,  

2 O O l a ,  b ) .  a n d  a t  v a r i o u s  l o c a t i o n s  i n  t h e  U n i t e d  
K i n g d o m  a n d  I r e l a n d .  H o w e v e r ,  t h e s e  m e a s u r e m e n t s  

w e r e  l i m i t e d  b y  t h e  l o w e r  r e s o l u t i o n  o f  t h e  P D C H  
i s o m e r s  o n  t h e  s i l i c o n e  c a p i l l a r y  c o l u m n .  D u r i n g  t h e  
l a t e r  p h a s e s  o f  t h e  r e s e a r c h  w e  w e r e  a b l e  t o  a c q u i r e  
t h e  g r a p h i t i x e d  c a r b o n  P L O T  c a p i l l a r y  c o l u m n ,  t h u s  

a l l o w i n g  b a c k g r o u n d  d e t e r m i n a t i o n s  f o r  a l l  o f  t h e  

P D C H  i s o m e r s  i n  a i r  s a m p l e s  c o l l e c t e d  a t  t h e  r e m o t e  

a t m o s p h e r i c  m o n i t o r i n g  s t a t i o n  a t  M a c e  H e a d ,  I r e l a n d  
( 5 3  N  1 0  W ) .  A  m o r e  d e t a i l e d  d e s c r i p t i o n  o f  t h e  
s a m p l i n g  s i t e  a n d  i t s  c l i m a t o l o g y  h a s  b e e n  r e p o r t e d  i n  
t h e  T O R  n e t w o r k  r e p o r t  ( C v i t a s  a n d  K l e y ,  1 9 9 4 ) .  

S a m p l e s  w e r e  c o l l e c t e d  u n d e r  c l e a n  a i r  b a s e l i n e  c o n d i -  
t i o n s  w i t h  a i r  m a s s e s  a r r i v i n g  f r o m  o v e r  t h e  N o r t h  

A t l a n t i c  O c e a n ,  

3 .  R e s u l t s  

H i s t o r i c a l l y  o b s e r v a t i o n s  o f  t h e  a m b i e n t  b a c k g r o u n d  
l c v c l s  o f  t h e  c y c l i c - P F C s  h a v e  b e e n  a c q u i r e d  b e f o r e  a n d  

a f t e r  t h e i r  d e l i b e r a t e  r e l e a s e  a s  t r a c e r s  d u r i n g  a t m c > -  
s p h e r i c  d i s p e r s i o n  e x p e r i m e n t s ,  B a c k g r o u n d  l e v e l s  o f  

c y c l i c - P F C s  h a v e  b e e n  r e p o r t e d  f r o m  s t u d i e s  i n  t h e  U S A  
( D i e t s .  1 9 8 7 ;  D r a x l c r ,  1 9 8 9 ;  D r a x l e r  e t  a l . ,  1 9 9 1 ;  
L a g o m a r s i n o .  l 9 Y 6 ) .  a n d  m o s t  r e c e n t l y  d u r i n g  t h e  

I 9 9 4  E u r o p e a n  T r a c e r  E x p e r i m e n t  ( P i r i n g e r  e t  a l . .  

1 9 9 7 ;  E T E X .  l 9 9 X ;  N o d o p  e t  a l . ,  1 9 9 7 .  1 9 9 X ) .  
T a b l e  2  s u m m a r i z e s  t h e  c o n c e n t r a t i o n s  ( i n  t l l  ‘ )  o f  

i n d i v i d u a l  c y c l i c - P F C s  d e t e r m i n e d  d u r i n g  p r e v i o u s  
b a c k g r o u n d  s t u d i e s  a n d  c o m p a r e s  t h e m  w i t h  t h e  N o r t h  

A t l a n t i c  b a s e l i n e  r e s u l t s  f r o m  a i r  s a m p l e s  c o l l e c t e d  a t  
M a c e  H e a d  o n  t h e  W e s t  C o a s t  o f  I r e l a n d ,  u s i n g  t h e  

n e w e r  a n a l y t i c a l  m e t h o d  o f  N I C I - G C M S .  M o s t  o b v i o u s  
i n  T a b l e  2  a r e  t h e  s u b s t a n t i a l  d i f f e r e n c e s  b e t w e e n  t h e  

d i f f e r e n t  b a c k g r o u n d  m e a s u r e m e n t s ,  d e p e n d i n g  o n  
s a m p l i n g  y e a r  a n d  l o c a t i o n .  I n  a d d i t i o n  t o  p o t e n t i a l  
a n a l y t i c a l  e r r o r s  a n d  t h e  d i f f e r e n t  t i m e s c a l e s  o v e r  w h i c h  

t h e s e  b a c k g r o u n d  m e a s u r e m e n t s  h a v e  b e e n  a c q u i r e d .  
t h e r e  a r e  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  o b s e r v e d  
d i f f e r e n c e s  i n  t h e  c y c l i c - P F C  c o n c e n t r a t i o n s .  F i r s t ,  i s  t h e  

u s e  o f  d i f f e r e n t  c a l i b r d t i o n  s t a n d a r d s ,  s e c o n d  t h e  c o -  

e l u t i o n  w i t h  u n k n o w n  c o n t a m i n a n t s ,  a n d  t h i r d l y  t h e  
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C y c l i c  perfluorocarbon background tnwng ratios (fl I ‘) determined by NICI-GC-MS 

PDCB PMCP PMCH ocPDCH pcPDCH mtPDCH otPDCH mcPDC’H ptPDCH 

SH (l997)“, ““’ 2.x3 5.56 5.16 0.69 5.57 7.Y7 0.65 Y.97 4.27 

NOAA (1997)h_ “‘I 2.13 5.91 5.lX 0.75 5.77 8.16 0.70 IO.07 4.4Y 

Bristol. UK (2000)‘. ’ “’ ’ 2.46kO.41 6.X4kO.96 5.24* I.3 
E3ll-mingham (2000)“, “” ’ 3.35kO.72 9.X3kO.07 5.66kO.31 

Mace Head. (2000)‘. “‘I ’ 2.3X+O.3 7.lX*O.42 5.23&0.3X 

Mace Head (200 l)r. ’ “’ ’ 2.Xl~O.22 6.43kO.14 5.46~0.31 0.Y2~O.l~ 6.13*0.4X X.52kO.iX 0.77~0.10 10.73~0.33 4.7XkO.21 

SH (2OOlp, “” ’ 2.65 6.17 5.35 0.79 5.75 X.52 0.73 IO.30 4.79 

Notes: v”’ ‘Column I: IOOm x 0.32 mm 5 pm Cl’-Sil capilluy: ’ “’ ‘Column 2: 30 m x 0.32 mm Carbograph PLOT capillary. 

“Sample collcctcd at Cape Grim, Tasmania in 1997. 

‘Sample collected at Niwot Ridge, Colorado in 1997. 

‘C’onGnwus 2.hourly ambient measurements at Bristol University. 20-24 March. 2000. 

“4 Samples collected in the Birmingham, UK during 2000. 

‘5 Samples collected at Mace Head, Ireland during 2000. 

‘4 Samples collected at Mace H e a d ,  I r e l a n d  d u r i n g  2 0 0 0 ~ 2 O O l ,  u n d e r  e a s t e r l y  wnd conditions. 

g Sample collected at Cape Grim, Tasmania in 2001. 

Table 4 

Atmospheric abundance of cyclic-perlluorocarbons in the troposphere 

Cyclic-PFC North Atlantic North Atlantic Background ar. Atmosphcw Difference Growth 

background air. background USA. lYX6 a~undancc_ Mace Head l986--2000 

(Mace Head, Ireland. a b u n d a n c e ”  (Dietz, 19x7) USA_ 19x6 January 2OOlLUSA. (tonnes yr) 

January. 2001) (Cont. fl I ‘) (metric tonnes) (C-ox tl I ‘) (metric tonnes) 19x6 (metric tonnes) 

PDCB 2.70 l4X.04 0.34 IX.64 129.40 9.24 

PMCP 6 29 344.XY 7.22 l76.S6 16X.33 12.02 

PMCll 5.49 351.20 4 60 294.26 56.93 4.07 

w-PDCH 0.73 53.37 0.3 21.93 31.44 7 75 -.- 

<I~-PDCH 0 65 47.52 n.2 14.62 32.YO 2.35 

~?K-PDC~H IO x3 791.77 X.2 599.49 l92.2X 13.73 

/u/-PDC’ll X.6S 632.39 77 562.Y4 69.45 4.Y6 

/wPDCH 6.1 I 446.W 2.2 l6O.X4 x5.x5 20.42 

/J/-PDCH 4.xx 356.77 34 24X.57 lOX.20 7.73 

” M a s s  o f  t h e  atmosphere ~ 5. I36 x IO” g. Molecular h e i g h t  IX.9644 

possibility o f  t n i s - i d e n t i f i c a t i o n .  I t  i s  a l s o  m o s t  l i k e l y  & I [  

t h e  fracGonal composition o f  i n d i v i d u a l  p e r f l u o r o c a r -  

b a n s  a n d  l h e i t -  p o s s i b l e  i s o m e r s  h a s  c h a n g e d  o v e r  t i t n e ,  
w i t h  b o l l 1  i m p t - o v e m e n t s  i n  t h e i r  i n d u s t r i a l  s y n t h e s i s  a n d  
m e t h o d s  o f  p u r i f i c t t G o n .  I n  t h i s  s t u d y  w e  h a v e  b e e n  

c a r e f u l  t o  d e t e r t n i n e  t h e  f r a c t i o n a l  c o m p o s i t i o n s  o f  e a c h  
c y c l i c - P F C ,  p t - e v e n t  i n  t h e  P F C  s t a n d a t - d s .  h y  a n a l y s i s  o f  

t h e  i n d i v i d u a l  c o m p o u n d s  a s  s u p p l i e d  h y  t h e  m a n u f a c -  
t u r e r .  F u r t h e r m o r e .  w e  n o t e  t h a t  t h e  p r e s e n t  d a y  

f r a c t i o n a l  c o m p o s i G o n  o f  s o t n c  o f  t h e  c o m p o u n d s  i s  
d i f f e r e n t  f r o m  t h a t  d e t e r t n i n e d  b y  D i e t s  i n  1 9 8 7 .  F o r  
e x a m p l e ,  D i e t 7  r e p o r t e d  a  p c , ‘ p t  r a t i o  f o r  t h e  I , 4 - P D C H  

o f  0 . 6 6 .  w h c r c a s  m e  o b t a i n  a  p c  p t  r a t i o  o f  I . 3  f o r  a  
r e c e n t  s a t n p l e  o f  t h e  l . 4 - P D C H .  I t  i s  n o t e w o r t h y  t h a t  
d i f f e r e n t  m a n u f a c t u r e r s  s u p p l i e d  t h e  l w o  samples. 

N o t  a l l  o f  t h e  s p c c i c s  h a v e  b e e n  m e a s u r e d  c o n s i s t e n t l y  
G n c e  t h e  l i r s t  r e p o r t e d  m e a s u r e m e n t s  i n  1 9 x 6 .  I t  i s  a l s o  

s e l f - c v i d c n t  t h a t  w i t h  t h e i r  v e r y  l o n g  a t m o s p h e r i c  

l i f e t i m e s  ( >  3 0 0 0  y r ) .  t h e  m o s t  r e c e n t l y  d e t e r m i n e d  
a t m o s p h e r i c  m i x i n g  r a t i o s  s h o u l d  a l w a y s  b e  l a r g e r  t h a n  
t h e  e a r l i e r  m e a s u r e m e n &  F r o m  T a b l e  2  t h i s  i s  q u i t e  

e v i d e n t l y  n o t  : t l w a y s  t h e  c a s e  e v e n  a l l o w i n g  f o r  t h e  l a r g e  

u n c e r t a i n t i e s  i n  t h e  m e a s u r e m e n t s .  F o r  e x a m p l e .  i t  i s  
d i f f i c u l t  t o  r e c o n c i l e  t h e  h i g h e r  h a c k g t - o u n d  c o n c e ~ ~ -  
t r a t i o n  o f  P M C P  ( & % f l l ~ ‘ )  r e p o r t e d  i n  t h e  I 9 9 2  

M o h a v e  p r o j e c t ,  w i l h  t h e  l o w e r  c o n c e n t r a t i o n  o f  
4 . 6  I I  I  ’ r e p o r t e d  i n  I 9 9 4  d u r i n g  E T E X .  a n d  t h e  5 . 2  f l  I  ’ 
o b s e r v e d  i n  t h e  I 9 9 9  B R A V O  p r o j e c t .  S i m i l a r l y ,  t h e r e  

m u s t  b e  a b s o l u t e  c a l i b r a t i o n  d i f f e r e n c e s  f o r  P D C B  a n d  
~ ~ ~ ~ - P D C H  b e t w e e n  t h i s  s t u d y  a n d  B R A V O  1 9 9 9 .  w h e r e  
b a c k g r o u n d  c o n c e n t r a t i o n s  d i f f e r  b y  a b o u t  a  f a c t o r  o f  
t w o .  W i t h  t h e s e  o b v i o u s  d i s c r e p a n c i e s .  i t  i s  n o t  p o s s i h l c  

t o  o b t a i n  s t a G s t i c a l l y  m e a n i n g f u l  c h r o n o l o g i c a l  t r e n d s  

f o r  i n d i v i d u a l  c y c l i c - P F C s  f r o m  t h e  r e p o r t e d  v a l u e s .  



I n  T a b l e  3  w e  ~ t u n m a r i ~ c  a l l  o f  o u r  b a c k g r o u n d  

m c a s u r c m c n t s  u s i n s  t h e  N I C I - G C - M S  m e t h o d  o f  

a n a l y s i s .  W h e r e  m e a s u r e m e n t s  w e r e  o b t a i n e d  u s i n g  t h e  

C P - S i l  c o l t m m  w c  o n l y  r e p o r t  b a c k g r o u n d  m e a s u r e -  

m e n t q  f o r  P D C B .  P M C P .  a n d  P M C H ,  d u e  t o  i n : & -  

q u a t e  r e s o l u t i o n  o f  t h e  P D C H  i s o m e r 5 .  W i t h  t h e  h i g h e r  
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